Abstract The origin of Large Igneous Provinces (LIPs) associated with continental breakup and the reconstruction of continents older than ca. 320 million years (pre-Pangea) are contentious research problems. Here we study the petrology of a 615-590 Ma dolerite dyke complex that intruded rift basins of the magma-rich margin of Baltica and now is exposed in the Scandinavian Caledonides. These dykes are part of the Central Iapetus Magmatic Province (CIMP), a LIP emplaced in Baltica and Laurentia during opening of the Caledonian Wilson Cycle. The >1,000-km-long dyke complex displays lateral geochemical zonation from enriched to depleted basaltic compositions from south to north. Geochemical modelling of major and trace elements shows these compositions are best explained by melting hot mantle 75-250°C above ambient mantle. Although the trace element modelling solutions are nonunique, the best explanation involves melting a laterally zoned mantle plume with enriched and depleted peridotite lithologies, similar to present-day Iceland and to the North Atlantic Igneous Province. The origin of CIMP appears to have involved several mantle plumes. This is best explained if rifting and breakup magmatism coincided with plume generation zones at the margins of a Large Low Shear-wave Velocity Province (LLSVP) at the core mantle boundary. If the LLSVPs are quasi-stationary back in time as suggested in recent geodynamic models, the CIMP provides a guide for reconstructing the paleogeography of Baltica and Laurentia 615 million years ago to the LLSVP now positioned under the Pacific Ocean. Our results provide a stimulus for using LIPs as piercing points for plate reconstructions.
Introduction
The opening and closure of ocean basins is known as the plate tectonic Wilson Cycle (Dewey & Burke, 1974) and was first suggested to explain the North-Atlantic Appalachian-Caledonian mountain belt (Wilson, 1966) . Here the first known opening took place 615 to 590 million years ago and led to the inception of the Iapetus Ocean and was associated with the Central Iapetus Magmatic Province (CIMP), a large igneous province (LIP) exposed today as giant dyke complexes and other intrusive complexes and volcanics in northeast America and northwest Europe (Ernst & Bell, 2010) . The second opening took place ca. 54 million years ago and led to the inception of the North Atlantic Ocean in the Norwegian-Greenland Sea. Again, the opening was associated with the emplacement of a LIP known as the North Atlantic Igneous Province (NAIP) exposed today in the borderlands of the North-Atlantic and the Norwegian-Greenland Seas (Horni et al., 2017) . Volcanic activity within the NAIP commenced at around 62 Ma, more than 300 million years after initiation of post-Caledonian rifting and basin formation but shortly (ca. 8 Myrs) before continental breakup . Following Morgan (1971) , Hill (1991) , Campbell (2007) , and others, Buiter and Torsvik (2014) therefore argued that rifting was initiated and sustained by tectonic forces, but upwelling of mantle plume material (Iceland plume) into the rifted and thinned lithosphere was the trigger for LIP volcanism, final continental breakup, and the beginning of the new Wilson Cycle.
A deep, lower mantle plume origin for present-day Iceland volcanism is supported by seismic tomography (e.g., French & Romanowicz, 2015) and from geochemistry (e.g., Moreira et al., 2001 ). This has been linked to the plume generation zone (PGZ) at the edge of a Large Low Shear-wave Velocity Province (LLSVP) at the core-mantle boundary . Asserting the origin of the older NAIP and CIMP is more challenging. For NAIP, however, anomalously thick oceanic crust of the Greenland-Iceland-Faroes ridge ©2019. The Authors. This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made. (Holbrook et al., 2001 ) and geochemical enrichment (e.g., Brown & Lesher, 2014; Fitton et al., 1997) point to a mantle plume origin. Moreover, Torsvik et al. (2006) showed that NAIP coincided with a mantle PGZ at around 62 Ma. For CIMP, the records of magmatic crustal thickness and potential mantle plume tracks have been obliterated by the Caledonian Wilson Cycle, and inference about its origin therefore must rely on geology and geochemistry of the magmatic complexes (Andréasson et al., 1998; Hollocher et al., 2007; Puffer, 2002; Seymour & Kumarapeli, 1995) .
To further constrain the origin, plate tectonic setting, and deep mantle dynamics of CIMP, we (i) present new geochemical bulk rock data, and Sr isotope data for plagioclase, for the Scandinavian Dyke Complex (also referred to as the "Baltoscandian Dyke Complex"). The dyke swarms are exposed in Caledonian nappes interpreted to have constituted the distal pre-Caledonian continental margin of Baltica (Ottfjället, Sarek, Kebnekaise, Tornetrask, Indre Troms, and Corrovarre); (ii) compiled published compositional data and examined geochemical variations along the more than 1,000-km length of the Scandinavian Dyke Complex; and (iii) modeled mantle melting dynamics. We also compare the geochemistry of CIMP, NAIP, and Iceland and discuss the origin of LIPs associated with the opening phases of the Wilson Cycle. Finally, we produce a new 615 Ma plate reconstruction of Baltica and Laurentia and discuss the potential usage of LIPs as piercing points for plate reconstructions.
The CIMP: Chronology and Background
The Central Iapetus Magmatic Province (CIMP) was emplaced over a huge area (>9 million square kilometers; Figure 1 ) and encompasses magmatic rocks exposed today in NW Europe, Greenland, and NE America that originally formed in the borderlands of the Iapetus Ocean (Ernst & Bell, 2010) . Carbonatites and kimberlites were also emplaced throughout the CIMP (615-550 Ma) and have been identified across most of the area covered by CIMP (Ernst & Bell, 2010; Torsvik et al., 2010 ; Figure 1 ). Here we focus on the main basaltic events. In Laurentia, the oldest CIMP magmatism (group 1) includes the Long Range (615 ± 2 Ma; Kamo et al., 1989) , the >700 km long Grenville (590 ± 2 Ma; Kamo et al., 1995) , and the Adirondack dyke swarms (Figure 1 ). They have compositions similar to continental flood basalts (Puffer, 2002) . The Grenville and Adirondack dyke swarms have been interpreted as failed arms of a triple junction centered on the Sutton mountains ( Figure 1 ) and associated with rifting above a CIMP mantle plume (Burke & Dewey, 1973; Hodych & Cox, 2007; Seymour & Kumarapeli, 1995) . Younger magmatism (group 2; 565-550 Ma) is also dominated by basaltic dyke swarms that are most intense in the Sutton mountains but also includes mafic and granite plutons and lavas (Cawood et al., 2001; Chew & Van Staal, 2014; Hodych & Cox, 2007) . The Sutton mountain dykes have affinities to ocean island basalt (OIB) and have been interpreted as deep melts of a mantle plume (Puffer, 2002) ; whereas other young basalt flows and dykes are more akin to mid-ocean ridge basalt (MORB) and have been explained as the result of a second stage of rifting and breakup (Cawood et al., 2001 ).
In NW Europe, the timing of CIMP magmatism is very similar. The oldest and most extensive magmatism is composed of basaltic dyke swarms at Egersund, Norway (616 ± 3 Ma; Bingen et al., 1998) , the Tayvallich lavas and intrusive rocks in the Dalradian of Scotland (601 ± 4 Ma; Dempster et al., 2002; Fettes et al., 2011) , and the Scandinavian Dyke Complex exposed in the Caledonian nappes (610-596 Ma; Baird et al., 2014; Gee et al., 2016; Root & Corfu, 2012; Svenningsen, 2001 ; Figure 1 ). The dyke complexes are postdated by ultramafic, mafic, and felsic plutons of the Seiland Igneous Province (580-560 Ma; Roberts et al., 2006) , the Volyn LIP in eastern Europe (ca. 570 Ma; Shumlyanskyy et al., 2016) , and several carbonatite and kimberlite complexes (590-520 Ma; Ernst & Bell, 2010 , Torsvik et al., 2010 . The parental magmas to the Seiland Igneous Province include picrites similar to OIB and are often explained as deep, hot mantle plume melts (e.g., Larsen et al., 2018) , whereas the origin of the dominantly tholeiitic basalts of the dyke complexes is debated (Andréasson et al., 1998; Baird et al., 2014; Hollocher et al., 2007; Kirsch & Svenningsen, 2016) . (Li et al., 2008) . Slightly modified from Ernst and Bell (2010) and Torsvik et al. (2010). (b) Map showing the Caledonian nappes of Scandinavia and the subdivision of the pre-Caledonian rifted margin of Baltica into a more than 1,000-km-long magma-rich margin in the north and a hyperextended magma-poor margin in the south (present frame of reference; Abdelmalak et al., 2015; Andersen et al., 2012) . The locations of the 36 areas with outcrops of the SDC discussed in this contribution and for which we have compiled new and published geochemical data are shown and numbered in accordance with Table 1 . Also shown is a distance line used to estimate the lateral position of the dyke areas from SW to NE. The midpoint of each area is projected orthogonally to the distance line. GD = Grenville Dyke Complex; AD = Adirondack Dyke Complex; LRD = Long Range Dyke Complex; ED = Egersund Dyke Complex; SDC = Scandinavian Dyke Complex; SM = Sutton Mountain triple junction.
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) and the Kebne Dyke Complex (Baird et al., 2014) in northern Sweden. The same dyke complex continues into northern Norway at Indre Troms and Corrovarre (Stølen, 1994; Zwaan & van Roermund, 1990) . Andréasson et al. (1998) described the dykes as a coherent intrusive complex into sedimentary basins at the rifted margin of Baltica exceeding 1,000 km in length, and they used the term Baltoscandian Dyke Swarm. In this contribution we refer to these as the Scandinavian Dyke Complex.
The pre-Caledonian continental margin of Baltica formed during the Ediacaran and was closely associated with~616-590 Ma breakup magmatism. Breakup and magmatism followed a long period (~200 Ma) of crustal extension and rifting of Rodinia in the Late Proterozoic (Nystuen et al., 2008) . The margin constituted a more than 1,000-km-long magma-rich portion in the north which is the focus of this paper and further divided into southern and northern segments (see below) and a hyperextended magma-poor portion further to the south and not dealt with in this paper (present frame of reference, Figure 1 ; Abdelmalak et al., 2015; Andersen et al., 2012; Jakob et al., 2017) . The origin of the dyke swarms either in the magma-rich rifted margin of Baltica or including outboard "exotic" terrains has been discussed. Kirkland et al. (2007) and Corfu et al. (2007) argued for the latter based on the geochronology of Neoproterozoic paragneisses and granitoids (610-980 Ma) that are cut by the dyke complexes and now part of the nappes of Finnmark in northernmost Scandinavia (Figure 1 ). Such basement ages are not found in situ in northernmost Scandinavia, and the nappes were therefore suggested to have an outboard origin. Other studies suggested that Middle Proterozoic Grenvillian and Sveconorwegian orogens continued north (present frame of reference) to East Greenland and as far as the Caledonides of Svalbard (e.g., Gee et al., 2016) . This study and our recent work in the Ottfjället, Sarek, Kebnekaise, Indre Troms, and Corrovarre areas (Figure 1 ) support the traditional interpretation that these terranes and their dyke swarms are correlative, continuous, and of Baltican origin.
Field Relations
Many places such as Ottfjället, Sarek, Kebnekaise, Tornetrask, and Indre Troms (Figure 1 ) show spectacular outcrops of pristine magmatic dykes intruded into metasediments with cross-cutting relations and chilled margins (Figure 2 and Movie S1 of the supporting information). These outcrops constitute large (kilometer-size) low-strain lenses that have avoided Caledonian deformation and grade from essentially undeformed dykes and wall-rock metasedimentary hornfelses to strongly deformed and banded gneisses composed of amphibolite with or without garnet (i.e., metamorphosed mafic intrusions) and metasediments ( Figure 2 ). The metamorphism ranges from well-preserved dykes with contact metamorphic wall-rock hornfelses to foliated amphibolite and locally eclogite facies tectonites (<750°C and 7-14 kbar) formed during the Caledonian orogeny (Andréasson et al., 1998; Hollocher et al., 2007; Kullerud et al., 1990) .
Is the Scandinavian Dyke Complex a LIP?
The dyke complex extends over 1,000 km in the Caledonian nappes (Figure 1) , and the abundance of dykes ranges from 20 to >90% in wellexposed areas (Figure 2 ; e.g., Baird et al., 2014; Klausen, 2006; Roberts, 1990; Solyom et al., 1985; Stølen, 1994; Svenningsen, 1994) . Although the original volume of magmatism is impossible to constrain due to the 
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Caledonian overprint and later erosion, a minimum volume may be estimated from present-day exposures. Klausen (2006) estimated the thickness and width of the Seve and Särv nappes to 4.5-6 and 80 km, respectively. If a minimum abundance of dykes is assumed to be 30% by volume and the minimum volume of the nappes is 1,000 km long, 80 km wide, and 5.3 km thick, the volume of dykes exceeds 0.13 Mkm 3 . This minimum estimate, alone, fulfills the criteria for the size of a LIP (Bryan & Ernst, 2008) . The short duration for the dyke emplacement discussed above also is similar to other LIPs (Bryan & Ernst, 2008) .
Samples
To examine the lateral geochemical variations of the Scandinavian Dyke Complex, we have collected new dyke samples (n = 80) over four field seasons (2014-2017) along the length of the Scandinavian Caledonides (supporting information S1). In addition, we compiled all published geochemical data (n = 550; Table 1 ; supporting information S5). To ease the overview, the dyke outcrops were grouped into 36 geographical areas (typically one mountain area each) as shown in Figure 1 and listed in Table 1 . The lateral distance measured from SW was estimated by projection of the midposition of each mountain area to a SW-NE line (Table 1 and Figure 1 ). We will also collectively refer to the mountain areas #26 to #36 as the northern segment and areas #1 to #25 as the southern segment ( Figure 1 ).
The nature of the sampled rocks ranges from intrusive dykes with magmatic textures to garnet-bearing amphibolite gneiss and in one case eclogite (location #27, Table 1 ). The magmatic textures range from fine-grained basalt over dolerite to microgabbros that sometimes carry plagioclase and rare pyroxene phenocrysts.
Methods
The whole rock compositions of 80 samples were measured at Bureau Veritas Commodities Canada Ltd. by X-ray fluorescence (major elements) and by inductively coupled plasma-mass spectrometry (trace elements) and are reported in supporting information S2. Analyses of certified reference materials show that the relative deviation from the reference values are less than 1% for the major elements, less than 4% for P 2 O 5 , and less than 7% for the trace elements discussed in this paper (supporting information S3). Repeat analyses of samples demonstrate reproducibility within 1.4% for the major elements, within 8% for MnO and P 2 O 5 , and within 14% for the trace elements discussed in this paper, with one exception at 40% (Th) in one sample with low concentrations (supporting information S4).
The older published geochemical data were mainly analyzed by X-ray fluorescence (XRF) and instrumental neutron activation, providing major element and some trace element compositions Beckholmen & Roberts, 1999; Kathol, 1989; Pettersson, 2003; Solyom et al., 1979 Solyom et al., , 1985 Stølen, 1994; Svenningsen, 1994) . The more recent data sets include full trace elements by inductively coupled plasma mass spectrometry (ICP-MS) (Baird et al., 2014; Hollocher et al., 2007; Kirsch & Svenningsen, 2016; Svenningsen, 1994) . Supporting information S5 lists the compiled data.
The Sr isotope composition of plagioclase phenocrysts were measured in situ in nine samples by laserablation multicollector inductively coupled plasma mass spectrometry at Aarhus Geochemistry and Isotope Research Platform, Aarhus University. Numerous studies have recently published accurate and precise plagioclase Sr data measured by laser-ablation multicollector inductively coupled plasma mass spectrometry (e.g., Kimura et al., 2013; Ramos et al., 2004; Wilson et al., 2017) . Our analyses were done on~1-cm-thick rock billets, with laser spot placement guided by micro-XRF petrography. The method employed is described in detail in supporting information S6 and summarized here: A 193-nm excimer laser (Resonetics RESOlution) was used to ablate 154-μm-diameter spots, with the ablated material carried in a He + Ar carrier gas to a Nu Plasma II multicollector inductively coupled plasma mass spectrometry. Data were reduced with corrections for Kr, CaAr, and Rb isobaric interferences on the Sr isotopes. A rock glass bracketing standard (BCR-2) was used to correct the offset between Sr and Rb mass bias factors and Rb-Sr element fractionation (to ensure an accurate age correction Note. N = Norway; S = Sweden.
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Major and Trace Element Compositions
The new data set for the Scandinavian Dyke Complex defines a coherent suite of tholeiitic ferrobasalt with 5-11 wt% MgO, 44-53 wt% SiO 2 , and 9-16 wt% FeO tot (Figure 3 , supporting information S2). The TiO 2 (1.0-4.0 wt%) and Zr (72-350 ppm) increase, and Cr (684-68 ppm) decreases with decreasing MgO (Figure 3 ), consistent with a control by fractional crystallization. The new data set is similar to the compiled data set also shown in Figure 3 . In a multielement diagram, the incompatible trace element compositions of dykes from the northern segment form largely flat patterns from the least (right side) to the most (left side) incompatible elements (Figure 4 ). The compositional variation is relatively high for K, U, Ba, and Rb; this can probably be ascribed to alteration and/or metamorphic effects. Although the rocks range from magmatic (dolerite) to metamorphic (garnet amphibolite; Figure 2 ), there are no significant differences of the elements used in this contribution between the two rock types in the Sarek area where they can be compared (supporting information S8). The trace element patterns of the southern segment, in contrast, generally increase from right to left and also show increased variation for K, U, Ba, and Rb.
Sr Isotope Composition
The Sr isotope composition in plagioclase phenocrysts from nine samples are shown in Figure 5 . The southern (five samples) and northern (four samples) segments of the dyke complex define two fields with lower bounds for initial (615 Ma) 87 
Analyses of Geochemical Variations

Assessment of Crustal Contamination
The present contribution focuses on mantle processes, and we have, therefore, first assessed the potential role of crustal contamination. High Th/Nb is a hallmark of continental crust (0.47; Albarède, 2003) . This ratio is little affected by mantle melting and fractional crystallization as Nb and Th are almost equally incompatible. Moreover, Th and Nb are available in most of the sample sets compiled here. We have excluded samples (n = 24) with Th/Nb >0.15, resulting in a final data set with 606 samples that will be used throughout this contribution (Table 1 ). The role of crustal contamination can also be assessed in a diagram of Th/Yb versus Nb/Yb that Pearce (2008) used to distinguish an array of melts formed from mantle sources in the oceans (far away from continental crust; Figure 6a ). In this diagram, the average compositions, calculated for the dykes in each area, the screened data set falls within the oceanic mantle melt array or straddles the upper bound. Also shown are the samples with Th/Nb >0.15 and two mixing curves between MORBs and average continental crust indicating that most of these samples have assimilated 5% to 30% continental crust. This analysis demonstrates that the screened data set reflects melting of mantle sources akin to those of the ocean basins, although minor crustal contamination cannot be ruled out. Below, the Sr isotope data show contamination of some samples in the screened data set (<7% Figure 3 . Compositions of the Scandinavian Dyke Complex for the compiled data set screened for crustal contamination (24 samples with Th/ Nb > 0.15 are excluded) totaling 606 analyses. New data (n = 80) in supporting information S2 and published data (n = 550) in supporting information S5. Also shown are (i) flood basalts of the Northeast Atlantic Igneous Province (NAIP) from the 6-km-thick volcanic pile in East Greenland (Tegner et al., 1998) ; (ii) group 1 tholeiitic dykes of the Central Atlantic Magmatic Province (CIMP) in northeast America (Ernst & Buchan, 2010; Seymour & Kumarapeli, 1995; Volkert et al., 2015) ; and (iii) group 2 CIMP dykes in the Sutton mountains of northeast America referred to as Laurentian ocean island basalt (Puffer, 2002) .
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Lateral Geochemical Zoning
The ΔNb value of basaltic rocks is a proxy for Nb enrichment of the mantle source. The ΔNb notation was defined for the present-day North Atlantic where Fitton et al. (1997) demonstrated that in a log-log plot of Nb/Y versus Zr/Y, the basaltic rocks from Iceland defined a compositional field that was relatively enriched in Nb and separated from the compositions of normal MORB away from Iceland. They defined the ΔNb as
This equation results in positive values for basalts that are geochemically enriched in Nb (i.e., similar to Iceland) and negative values for samples that are relatively depleted. Following Fitton et al. (1997) , basalts with positive and negative ΔNb can be explained as originating from mantle sources enriched and depleted in Nb, respectively. The ΔNb notation is particularly useful in the present study for two reasons. First, it is based on trace elements that are relatively immobile (Pearce, 2008) and therefore are expected to be changed minimally during metamorphic reactions (supporting information S8). Second, the elements Nb, Zr, and Y are well determined by X-ray fluorescence and instrumental neutron activation methods and are therefore available in the older, published data sets. (Sun & McDonough, 1989) . Also shown are normal mid-ocean ridge basalt (N-MORB) and ocean island basalt (OIB; Sun & McDonough, 1989) . Figure 7a shows the variation in ΔNb of the dykes along >1,000 km of Scandinavian nappes and showing average values for our new data set and for the published data set (Table 1 and Figure 1 ). In both data sets, the southern segment has positive ΔNb reaching values up to +0.59 between 300 and 500 km; that is, Nb is enriched 5.9 times relative to ΔNb of zero for a given Zr/Y (Fitton et al., 1997) . The northern segment (675-1,075 km) has lower ΔNb and shows a northward decreasing trend with negative values down to −0.23 (Figure 7a ).
Other trace elements such as the rare earth elements are only available in the present data set, and in the more recently published data sets (Baird et al., 2014; Hollocher et al., 2007; Kirsch & Svenningsen, 2016; Svenningsen, 1994) . Figure 7b shows the variation in the slope of a light rare earth element (La) relative to a middle rare earth element (Sm) normalized to chondrite (La/Sm N ). The available La/Sm N data also show pronounced lateral differences in both data sets from elevated values (1.35 to 2.10) in the southern segment to lower values in the northern segment (0.87-1.47). This is consistent with the trace element patterns shown in Figure 4 . A positive correlation of La/Sm N and ΔNb (Figure 8 ) in both data sets confirms the lateral zoning in incompatible elements from enriched basaltic compositions in the southern segment to more depleted compositions in the northern segment.
Sr Isotopic Composition of the Mantle Sources
The reported Sr isotope composition in plagioclase phenocrysts shows the plagioclase 87 Sr/
86
Sr i is not correlated with bulk rock Th/Nb ( Figure 5 ). The generally higher 87 Sr/ 86 Sr i of the southern segment (lower bound of 0.7033), therefore, cannot be explained by a greater degree of crustal contamination than the basalts of the northern segment (lower bound of 0.7025). The scatter within segment is considerable but can partly be explained by up to 7% crustal contamination, as indicated by mixing lines between low 87 Sr/
Sr i basalt end members and continental crust ( Figure 5 ). We also note that crustal contamination is much more prevalent in the northern segment, for example, with a higher frequency of samples with Th/Nb >0.15 relative to the southern segment (Table 1 Figure 1 ) and 0.7037 ± 0.0003 for the Ottfjället dykes in the south (location 14, Figure 1 ; Bingen & Demaiffe, 1999; Zwaan & van Roermund, 1990 ).
Geochemical Modelling of Mantle Sources and Temperature
To constrain the possible mantle melting dynamics, mantle potential temperature (T P ), and source lithologies that can explain the observed compositions of the Scandinavian Dyke Complex, we present the results of new mantle melting models. We apply both major and trace element modelling. In particular, we seek explanations for the described geochemical zoning in ΔNb, La/Sm, and 87 Sr/ 86 Sr from south to north of the magma-rich margin (Figures 5 and 7) .
Major Element Modelling
The major element compositions of primitive basalts can provide constraints on mantle potential temperature, T P (e.g., Herzberg et al., 2007) . Notably, such constraints are independent of those derived from the 
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Geochemistry, Geophysics, Geosystems forward trace element modelling discussed below. Here we apply the thermobarometer of Lee et al. (2009) that, based on an extensive parameterization of experimental data, provides estimates for the temperature and pressure of final melt segregation from olivine + pyroxene-bearing mantle sources. This thermobarometer is based primarily on the inverse relationship between pressure and the melt SiO 2 content (Carmichael, 2004) and the positive correlation of temperature and melt MgO content (Lee & Chin, 2014) . Application of this thermobarometer to evolved basalts requires that the composition of the evolved melt is controlled by olivine fractionation alone. Thus, the program first estimates the primary melt composition by adding olivine until the melt is in equilibrium with a given mantle olivine composition, which we assume has an Mg#, that is, Mg / (Mg + Fe), of 0.91. The equilibrium temperature and pressure of this primary melt composition are subsequently constrained by the parameterization. Conveniently, both calculations are performed using the Excel spreadsheet provided by Lee et al. (2009) . Following Lee et al. (2009) , T P is then calculated by (a) back-projecting the equilibrium temperature and pressure to the peridotite solidus along a melting path parameterized using the model of Katz et al. (2003) and (b) then finding T P as the potential temperature of the mantle adiabat that intersects the solidus at this pressure and temperature.
Similar to Lee et al. (2009) , we assume that only samples of the Scandinavian Dyke Complex with more than 8.5 wt% MgO can be assumed to be largely controlled by olivine fractionation. Due to the possible increase in SiO 2 of the magmas as a consequence of crustal assimilation, we only consider samples with Th/Nb < 0.15 as discussed above. Using these criteria, the major element composition of 39 samples was entered into the spreadsheet, and 32 of these yielded temperature and pressure estimates for final melt segregation in the mantle source. These temperatures range from 1,382 to 1,652°C and the pressures from 1.3 to 5.0 GPa as shown in supporting information S13. The corresponding T P s range from 1,436 to 1,584°C for the entire data set (supporting information S13), and the kernel density distribution (n = 32) is shown in Figure 9 . The samples that gave T P estimates are distributed over the entire dyke swarm (12 locations in the southern segment and 2 locations in the northern segment; Table 1 and Figure 1 ) and exhibit a Gaussian density distribution with a top at 1,498°C, but with four outliers close to 1,580°C. We conclude that the major element thermobarometer consistently yields mantle potential temperatures significantly above ambient mantle (ΔT P of 100-250°C), with a maximum density just below 1,500°C (ΔT P of 170°C). A significant difference between T P of the southern and northern segments cannot be discerned.
Trace Element Modelling
We modeled the compositions of basaltic melts produced by melting dynamically upwelling mantle using the REEBOX PRO application (Brown & Lesher, 2016 ). This forward model calculates the composition of the incompatible lithophile trace elements in mantle melts using the latest thermodynamic and experimental constraints on melting reactions and mineral-melt partitioning coefficients and can simulate passive and active upwelling scenarios, melting of several potential mantle lithologies and allows for exploring variable T P . The model assumes incremental batch (i.e., near-fractional) melting of the upwelling mantle. This is simulated in a stepwise fashion where the melting column is subdivided into a finite number of decompression steps Table 1) ; symbols are separated into southern and northern segments of the magmarich margin. The average compositions are based on 606 samples screened for crustal contamination (Th/Nb < 0.15). The remaining 24 samples judged to be crustally contaminated (Th/Nb ≥ 0.15) are also plotted as individual points. The oceanic mantle array is from Pearce (2008) , and the compositions of depleted mid-ocean ridge basalt (normal mid-ocean ridge basalt [N-MORB]), enriched mid-ocean ridge basalt (E-MORB), and ocean island basalt (OIB) are from Sun and McDonough (1989) . Average continental crust is from Albarède (2003) . The two lines with 5% tick marks illustrate mixing of continental crust with N-MORM and E-MORB. (Bingen & Demaiffe, 1999) ; and Seiland Igneous Province alkali-basalt dykes (Reginiussen et al., 1995) .
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Geochemistry, Geophysics, Geosystems between the solidus and the base of the nonmelting lithosphere. Each small decompression step involves melting and instantaneous removal of the melt and recalculation of the trace element composition of the residual mantle. The instantaneous melt composition is calculated using the equation for nonmodal batch melting, and the composition of the residual mantle is calculated by mass balance (Brown & Lesher, 2016) . In the next decompression step, the previous residual mantle parcel moves up to slightly lower pressure (simulating upwelling) and melts again, producing a slightly more depleted residual mantle and so forth. All instantaneous melts generated within the melting region are pooled together to form an aggregate melt composition (e.g., equation 12 in Brown & Lesher, 2016) . We assume the 2-D shape of the melting region is triangular (apex at the top) where melting takes place in upwelling mantle parcels but stops when convection turns to horizontal; it is therefore often referred to as the corner-flow model initially developed to simulate melting dynamics at mid-ocean spreading ridges (Plank & Langmuir, 1992) but appears applicable also to the formation of LIPs associated with continental rifting (Brown & Lesher, 2016) . Melting begins at the solidus intersection with the mantle adiabat (specified by its T P ), and the maximum degree of melting (F max ) is obtained at the upper apex of the melting region. In the triangular melting region, the average degree of melting (F average ) for the pooled melt is given by equation 28 of Brown and Lesher (2016) .
A key factor for the composition of melts produced by dynamically upwelling peridotite mantle is the transition from garnet to spinel stability. In REEBOX PRO, garnet is stable on the pyrolite peridotite solidus at pressures above 2.7 GPa, whereas spinel is stable below 3 GPa (Brown & Lesher, 2016) , producing a 0.3-GPa transition where both phases exist. Garnet preferentially holds back the heaviest rare earth elements, and this effect is best monitored by the ratio of a middle rare earth element (Dy) to a heavy rare earth element (Yb) normalized to chondrite (Dy/Yb N ). A plot of Dy/Yb N versus La/Sm N ( Figure 10 ) therefore relates to the garnet effect on the y axis and mantle source composition and degree of melting (Tegner et al., 1998) on the x axis, assuming a homogeneous peridotite source. The effects of fractional crystallization and crustal contamination are largely negligible in this diagram; both Dy/Yb N and La/Sm N are unrelated to a fractionation index such as MgO (supporting information S9) and to the Th/Nb proxy for crustal contamination (supporting information S10).
The data for the southern and northern segments plot in two fields in Figure 10 with higher La/Sm N (1.4-2.1) in the southern segment compared to the northern segment (0.9-1.5); both segments have about the same range in Dy/Yb N (1.16-1.33). These values are compared to model results for melting-enriched mantle (primitive mantle; McDonough & Sun, 1995) at T P from ambient mantle (1,330°C) to 1,630°C, that is, ΔT P of 0 to 300°C (Figure 10a ). The result of increasing ΔT P is increasing Dy/Yb N values; this is the consequence of the garnet effect due to deeper intersection of the mantle solidus at higher T P . The compositions of dykes in the southern segment are well explained by model melts of primitive mantle for average degrees of melting from 3% to 10% and ΔT P ranging from 75 to 150°C; these values are similar to estimates for basalts formed in other LIPs (Brown & Lesher, 2014; Herzberg & Gazel, 2009; Tegner et al., 1998) . The more depleted compositions of the northern segment can only be fit by the model melts of primitive mantle at very high ΔT P (>200°C) and more than 12% average melting. In contrast, the dyke compositions of the northern segment are better explained by model melts assuming a depleted mantle source (depleted MORB mantle of Salters & Stracke, 2004; Figure 10b) . The data fall between model curves for ΔT P ranging from 75 to 150°C, suggesting average degrees of melting from 3% to 6%. In theory, it is also possible to explain the more Table 1 ). Also shown are lateral variations in ΔNb of the North Atlantic Igneous Province with radial distance from the assumed center of the proto-Icelandic mantle plume (Fitton et al., 1997) . To fit the scale used here, 350 km is subtracted from the published distances to the plume center; (b) La/Sm N for 22 locations where inductively coupled plasma mass spectrometry data are available (Baird et al., 2014; Hollocher et al., 2007; Kirsch & Svenningsen, 2016; Svenningsen, 1994 ; this study).
Geochemistry, Geophysics, Geosystems enriched compositions of the southern segment by melting depleted mantle at moderate ΔT P (50-75°C), although this would require very low average degrees of melting (<3%; Figure 10b ). Such low degrees of melting, however, are not likely to produce the tholeiitic major element compositions of the southern dykes (Figure 3) . Likewise, ΔNb and Sr isotopes (Figures 5-7) are also best explained by a lateral change from an enriched mantle source in the south and a depleted mantle source in the north.
Summary of Geochemical Modelling
We conclude that the lateral compositional changes in the rare earth element compositions of the dyke complex (Figures 4, 7, 8 , and 10) are best explained by melting mantle that was anomalously hot relative to ambient mantle (ΔT P of 75-150°C). Elevated T P is independently confirmed by the major element modelling yielding ΔT P of 100-250°C with no discernable difference between the southern and northern segments (Figure 9) . The rare earth element modelling shows the melting domain is best explained if it was zoned with enriched lithologies and compositions (primitive mantle) under the southern segment and depleted lithologies and compositions (depleted MORB mantle) under the northern segment. This interpretation is corroborated by the Sr isotope compositions ( Figure 5 ).
Mantle warming due to long-term thermal insulation by continental lithosphere can produce ΔT P up to 100°C (Coltice et al., 2007; Herzberg & Gazel, 2009 ) and therefore does not provide a fulfilling explanation for the modeled temperatures. Moreover, the distinct compositional zoning in trace elements and Sr isotopes (Figures 4, 5, 7 , and 8) and the basalt compositions similar to the oceanic mantle array (Figure 6 ) favor an explanation by upwelling of a zoned mantle plume akin to Iceland today and to the NAIP ca. 56 Myr ago (Fitton et al., 1997) . Analogue and computational modelling supports the view that mantle plumes may be laterally zoned on a length scale of 1,000 km with a compositionally enriched central portion and a more depleted outer margin (Jones et al., 2016) .
A 615 Ma Plate Reconstruction of Baltica and Laurentia
Two LLSVPs (Garnero et al., 2007) today exist at the core-mantle boundary beneath Africa (dubbed TUZO) and the Pacific (JASON). Using hybrid mantle frames (combination of moving hot spot and true polar wander (TPW)-corrected paleomagnetic frames), it has been argued that the LLSVPs have been stable for at least 300 Myr with deep plumes sourcing LIPs (Figure 11a ) and kimberlites mostly from their margins . That remarkable correlation between surface volcanism and deep mantle features potentially provides a novel and quantitative way to derive "absolute" plate motions in a mantle reference frame before Pangea. This approach assumes that TUZO and JASON have remained nearly stationary before Pangea time and that the origin of mantle plumes can be tied to their edges. These views are, however, far from being universally accepted and have generated debate in the geophysical literature. We will therefore briefly review some of the pros and cons for this assumption here.
Stability and PGZs of LLSVPs
That plumes mainly form at the margins of the LLSVPs and that they are approximately stable through time have wide implications and have (Baird et al., 2014; Hollocher et al., 2007; Kirsch & Svenningsen, 2016; Svenningsen, 1994; this study) . Also shown are the compositions of N-MORB and E-MORB (Sun & McDonough, 1989) . N-MORB = normal mid-ocean ridge basalt; E-MORB = enriched mid-ocean ridge basalt. Figure 9 . Gaussian kernel density distribution of mantle potential temperature (T P ) calculated for samples of the Scandinavian Dyke Complex (n = 32). The final equilibrium temperature and pressure of the magmas in the mantle were calculated using the major element thermobarometer of Lee et al. (2009) and converted to T P using the method described in the text. The T P of the entire data set, covering 14 locations in both the southern and northern segments, exhibits a Gaussian density distribution with a top at 1,498°C, but with four outliers close to 1,580°C. The calculations were restricted to largely uncontaminated (Th/Nb < 0.15) and primitive samples that contained more than 8.5 wt% MgO. The data are listed in supporting information S13. The kernel density estimations follow the method discussed in Rudge (2008) and were calculated using the Free Statistics Software of Wessa (2015) . promoted a number of numerical modelling experiments to reproduce and explain (or reject) these features. Among the most avid opponents are those who deny the very existence of mantle plumes, mantle modelers disagreeing with the interpretation of LLSVPs as mantle structures with distinct chemical properties (e.g., Davies et al., 2015) , and those suggesting that LLSVPs are highly mobile and simply shaped and destroyed by sinking slabs (e.g., Flament et al., 2017) .
Numerical models of mantle convection have been used to investigate the stability of the LLSVPs, and they have shown that it is possible to maintain stability for hundreds of million years (Bower et al., 2013; Bull et al., 2014; Steinberger & Torsvik, 2012) and their continued existence for billions of years (Mulyukova et al., 2015) . But incorporating paleogeographic constraints into mantle convection models (as, e.g., attempted by Flament et al., 2017) requires greatly improved plate tectonic models and numerical codes that incorporate the bridgmanite to postbridgmanite transition in the lowermost mantle. This important phase transition causes an abrupt viscosity drop of three to four orders of magnitude (Amman et al., 2010; Nakada & Karato, 2012) . This weakens slab material, eases and disperses the lateral flow above the core-mantle boundary, and effectively stabilizes and strengthens the LLSVPs against lateral pushing forces (Heyn et al., 2018; Y. Li et al., 2014 Y. Li et al., , 2015 .
Testing the stability of the LLSVPs in a robust manner is in fact very challenging. Their stability is observed from LIPs from the Indo-Atlantic realm (Figure 11a) where it is possible to build an absolute mantle reference frame back to 320 Ma (Pangea assembly). The Indo-Atlantic realm includes the bulk of the Earth's continents and oceans that are generally characterized by passive margins (e.g., the Atlantic). Conversely, numerical models for subduction and mantle convection to test their stability are mostly derived from plate models for the Pacific-Panthalassic from where we have no means to develop an absolute plate motion reference frame before the Cretaceous; the Panthalassic (the Earth's subduction "factory") is entirely synthesized before 150 Ma and comprised almost 50% of the Earth's surface.
Earth is a degree-2 planet with two antipodal thermochemical LLSVP piles, TUZO and JASON; modern-type plate tectonics has been operational since at least the Neoproterozoic-and why should Planet Earth be fundamentally different before and after Pangea? There is in fact no evidence for a radical change in the mantle structure associated with Pangea assembly and dispersal-only projected models: Zhong et al. (2007) argued from the outcome of a numerical model that Pangea formed above a major down-welling, and that following continental assembly, a sub-Pangea upwelling later developed as mantle return flow in response to circum-Pangea subduction. In such a model, TUZO should not have existed before Pangea, because convection would have been dominated by a degree-1 mode with only one upwelling above JASON. But during Pangea assembly, the mantle beneath it was littered with cold Rheic slabs, and it is difficult to foresee how that could have turned into an upwelling and the birth of TUZO within a few tens of million years. But perhaps more importantly, Pangea was not a static supercontinent overlying the same part of the mantle for long but drifted systematically northward over the mantle during its existence.
Paleogeographic Reconstruction of Baltica and Laurentia
Assuming that the TUZO and JASON LLSVPs have remained nearly stationary before Pangea time and that the origin of mantle plumes can be tied to their edges, it is possible to establish a geologically reasonable (Salters & Stracke, 2004) at the same mantle potential temperatures as in (a). Modelling based on REEBOX PRO (Brown & Lesher, 2016) , see text. MORB = mid-ocean ridge basalt.
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Geochemistry, Geophysics, Geosystems Figure 11 . (a) Reconstructed LIPs (15-297 Ma) draped on the s10mean tomography model where the plume generation zone (PGZ) corresponds to the 0.9% slow contour (updated from Doubrovine et al., 2016) . Most LIPs overly the PGZs but the Columbia River Basalt is anomalous because it is above a region of faster-than-average anomalies. (b) Paleomagnetic reconstruction of East Rodinia at around 615 Ma using the PGZ reconstruction method calibrated in longitude by LIP related volcanism and kimberlites. The white-dotted line indicates the extent of the Central Iapetus Magmatic Province (CIMP; black squares and lines are dykes as in Figure 1a) . Magmatism linked to the CIMP is well preserved in the Caledonian Särv, Seve, and Corrovarre Nappes (central Scandinavia), which are characterized by the spectacular Scandinavian Dyke Complex. The dyke complex was emplaced into continental sediments along the nascent Iapetus margin tentatively located in the paleogeographic reconstruction. We have counterrotated the JASON plume generation zones (thick red line) to account for TPW, so that one can examine how LIP related volcanism and kimberlites directly relate to the PGZs in the paleomagnetic frame. 
palaeogeographic model for the entire Phanerozoic . In this model the continents are positioned using the latitude from paleomagnetic data, whereas the longitude is defined in such a way that LIPs and kimberlites are positioned above the edges (PGZs) of TUZO and JASON at eruption times. We refer to this procedure as the PGZ reconstruction method, and here we use this method, which also include an iterative TPW correction, to calibrate longitude.
The supercontinent Rodinia, which probably existed in the Neoproterozoic from ca. 1,000 to 600 Ma, has been recognized by most paleogeographers (e.g., Z. X. Li et al., 2008) , but the details of its continental makeup are debated (Meert, 2014) . Dispersals of both Pangea and Rodinia appear to have been contemporaneous with massive LIP volcanism, with Pangea located above TUZO from its assembly to dispersal, and Rodinia probably located above the antipodal JASON during the Neoproterozoic (e.g., Z. X. Li & Zhong, 2009 (Walderhaug et al., 2007) in southwest Norway, we can reconstruct those continents so that LIP-related volcanism and kimberlites plot nearly vertically above the eastern edge of JASON. In this reconstruction-using the PGZ reconstruction method-we moved the continents iteratively in longitude (based on the Egersund paleomagnetic data) and with TPW refinements until we achieved a reasonable fit between (i) an estimated LIP center to explain the formation of the Scandinavian Dyke Complex at a hyperextended margin offshore Baltica (Andersen et al., 2012) , (ii) the 616 Ma Egersund dykes (Baltica), (iii) the 615 Ma Long Range dykes (Laurentia), and (iv) contemporaneous kimberlites in Laurentia (613 Ma) and Baltica (610 Ma; Figure 1a ). Laurentia, Amazonia, and Baltica are reconstructed to the central-eastern part of JASON, but Figure 11b is a paleomagnetic reconstruction which places Baltica at latitudes between 45°and 75°S, and the JASON PGZ has been counterrotated 70°to account for TPW (see method in Torsvik et al., 2014) .
Discussion
Origin of the CIMP
The groups 1 and 2 dyke swarms of CIMP in NE America (Laurentia; see section 2) have compositions very similar to the Scandinavian Dyke Complex (Figures 3 and 6 ). Many group 1 dykes are intermediate between the compositions of the northern and southern segments in Scandinavia but extend to more enriched compositions similar to the southern segment (Figure 6b ; supporting information S11 and S12). The sparsely available data for group 2 also overlap compositionally with those of the southern segment in Scandinavia and extend to more enriched compositions similar to OIB (Figure 6b) . Similarly, the transitional to alkali basalt dykes of Egersund in SW Norway plot between enriched MORB and OIB (Bingen & Demaiffe, 1999) , and the alkali basalt dykes of the Seiland Igneous Province (Reginiussen et al., 1995) are also close to OIB (Figure 6b ). The corollary of this is that similar magma types, all with Th/Yb and Nb/Yb ratios plotting within the oceanic mantle array, were emplaced as dyke complexes in NE Laurentia and SW Baltica, but at variable times. For example, the OIB-like Egersund dykes intruding in situ Proterozoic Baltican basement were an early phase (616 Ma), whereas similar OIB-like magmas of group 2 dykes of Laurentia and of the Seiland Igneous Province were younger (570-550 Ma). Similar magmas of group 1 dykes in Laurentia and the Scandinavian Dyke Complex were emplaced within the same time window from 615 to 590 Ma with most magmatic activity in Baltica between 607 and 595 Ma (Baird et al., 2014; Gee et al., 2016; Svenningsen, 2001) ; this is probably the most voluminous and intense CIMP event. The compositional variability, the prolonged basaltic magmatism (616-550 Ma), and the eruption over a vast area (>9 million square kilometers, Figure 1 ) are best explained by melting of multiple, diachronous mantle plume sources upwelling into rifting and thinning continental lithosphere. We surmise that the multiple basalt and kimberlite events of the CIMP (Ernst & Bell, 2010) are best explained by the coincidence of CIMP and a mantle PGZ as depicted in Figure 11 . This interpretation corroborates many previous arguments for the involvement of mantle plumes across CIMP (e.g., Andréasson et al., 1998; Bingen & Demaiffe, 1999; Burke & Dewey, 1973; Ernst & Bell, 2010; Hodych & Cox, 2007; Hollocher et al., 2007; Larsen et al., 2018; Puffer, 2002; Seymour & Kumarapeli, 1995) .
The North Atlantic Wilson Cycle: Two LIPs and Two Mantle Plumes?
A comparison of the two LIPs of the North Atlantic Wilson Cycles (NAIP and CIMP) shows that their basaltic magmas are remarkably similar in terms of major and trace element compositions (Figures 3, 6, and 7) . Moreover, the structure and magmatic construction (magma-rich margin) of the two continent-ocean transitions have been shown to be very similar offshore Norway today (NAIP) and in the Neoproterozoic (CIMP; Abdelmalak et al., 2015) . Similar to our conclusions above, the NAIP has been explained by melting of enriched mantle plume material at elevated ΔT P (90-210°C; Brown & Lesher, 2014; Herzberg & Gazel, 2009; Tegner et al., 1998) . Moreover, Fitton et al. (1997) showed lateral compositional zoning of NAIP magmas similar to the Scandinavian Dyke Complex (Figure 7a ) and explained this as the result of melting of a laterally zoned mantle plume composed in the interior of enriched but heterogeneous mantle surrounded by an outer sheath of more depleted mantle. Another similarity of the two LIPs is the close association with continental breakup. In the Scandinavian Dyke Complex, the Tsäkkok location in northern Sweden (#27, Table 1 and Figure 1 ) includes pillow lavas (now eclogite) that according to Kullerud et al. (1990) formed within the incipient ocean floor at the thinned edge of Baltica. In NAIP, the first occurrence of oceanic-type low-Ti basalts in the East Greenland volcanic succession was explained as the development of the incipient ocean floor during the main flood basalt event (Tegner et al., 1998) . Following Buiter and Torsvik (2014) , we therefore propose that the two opening phases of the North Atlantic Wilson Cycles both were associated with LIPs that originated from mantle plumes. The compositional similarity of CIMP and NAIP suggests that the compositions of the two mantle PGZs of JASON and TUZO (Figure 11 ) may be very similar.
Can LIPs Be Used as Piercing Points for Plate Reconstructions?
The remarkable correlation of reconstructed LIPs (Figure 11a ) and kimberlites suggests long-term stability of TUZO and JASON LLSVPs, and there are therefore strong arguments for their quasi-stability through most of the Earth's history as discussed in section 9.1. Using the PGZ reconstruction method of surface-tocore-mantle boundary correlation to locate continents in longitude and an iterative approach for defining a paleomagnetic reference frame corrected for TPW, we have built an absolute plate reconstruction for East Rodinia in the Ediacaran (615 Ma). In this model, the LIP-related CIMP dyke swarms and lavas and the kimberlites are assumed sourced from the PGZ at the margin of JASON (Figure 11b ). Plume-derived magmatism is therefore used as piercing points for absolute mantle-frame plate reconstructions. The PGZ reconstruction method is probably the only way forward to semiquantitatively position continents in longitude before Pangea and has previously been used successfully to reconstruct the 510 Ma Kalkarindji LIP (Western Australia) to the northeastern margin of TUZO . But if TUZO and JASON were highly mobile, or if Earth alternated between degree-2 (two upwellings such as TUZO and JASON and two downwellings as today) and degree-1 modes (e.g., Zhong et al., 2007) , then this method is invalidated, and we have no means for calibrating longitude using LIPs and kimberlites as piecing points to derive absolute reconstructions before Pangea.
Conclusions
A more than 1,000-km-long magma-rich, pre-Caledonian rifted continental margin of Baltica formed during the Ediacaran. The~616-590 Ma breakup magmatism following a long period (~200 Ma) of crustal extension and rifting of Rodinia includes prominent dyke complexes in NE America (Laurentia) and NW Europe (Baltica). The Scandinavian Dyke Complex of the magma-rich margin in Baltica is one of several magmatic complexes making up the huge CIMP, a LIP associated with the initiation of the Caledonian Wilson Cycle. Our compilation of new and published geochemical data from the Scandinavian Dyke Complex shows a pronounced lateral variation of ΔNb, La/Sm N , and Sr isotopes from SW to NE along more than 1,000 km. Geochemical modelling shows this geochemical zoning is best explained by melting related to a broad mantle plume that had elevated potential temperatures (ΔT P of 75-150°C based on rare earth elements and ΔT P of 100-250°C based on major elements) and was enriched (primitive mantle) in the south and depleted (depleted MORB mantle) in the north. The origin of CIMP appears to have involved several mantle plumes. This is best explained if the segments of Rodinia that broke up in Baltica and Laurentia coincided with a mantle PGZ identified to be located along the margins of one of the two LLSVPs (JASON) in the deepest mantle. We therefore propose the Scandinavian Dyke Complex and other CIMP plumes may be used as piercing points for plate reconstruction, positioning Baltica and Laurentia above the eastern edge of JASON in 10.1029/2018GC007941 Geochemistry, Geophysics, Geosystems the Ediacaran (635-544 Ma). The CIMP formed over a prolonged period between 616 and 550 Ma during the first known, Iapetus, opening stage of the North Atlantic Wilson Cycles. The NAIP was emplaced during the second opening phase, starting at around 62 Ma, and with seafloor spreading initiated at ca. 54 Ma. We therefore conclude that the known opening phases of the North Atlantic Wilson Cycles involved two LIPs and two mantle plumes.
